Introduction
Paramagnetic iron hydrides have been invoked as intermediates in the catalytic cycle of hydrogenases and nitrogenases.
1 Particularly noteworthy is a recent study by Hoffman and co-workers giving evidence for an iron hydride intermediate during nitrogenase turnover. 2 On the basis of their biophysical ENDOR studies, a high-spin iron hydride intermediate is observed which may correspond to either E2 or E4 in the Thorneley-Lowe kinetic scheme.
3 Diamagnetic iron hydrides have been extensively studied by several laboratories. 4 We decided to explore the coordination chemistry of borohydride anions as a possible route to paramagnetic iron hydrides, since in some instances, late transition metal borohydride adducts can serve as precursors to metal hydrides.
5
Transition metal and lanthanide tetrahydridoborate complexes with varying degrees of stability and reactivity have been reported, 6 including recent reports of a nickel tetrahydridoborate complex 7 and a Mo-Fe cluster with terminal borohydride anions. 8 Although low-spin hexahydridoborate-bridged diiron(II) complexes were recently reported, 9 mononuclear iron tetrahydridoborate complexes are rare.
10, 11 Prior attempts to isolate the homoleptic borohydride Fe(BH 4 ) 2 were hindered by complex product mixtures due to the thermal instability of the product(s).
11 These homoleptic complexes have not been structurally characterized. In general, borohydrides give rise to interesting structural features, and their three-centered two-electron bonding can lead to a variety of hapticities for the borohydride ligand. 12 Here, a combination of structural, spectroscopic and theoretical methods is used to probe the nature of these species and to address their different spinstates. On the basis of these calculations, we suggest it may be more accurate to describe the binding as an g 4 interaction.
Experimental General
All manipulations were carried out using standard Schlenk or glovebox techniques under a dinitrogen atmosphere. Unless otherwise noted, solvents were deoxygenated and dried by thorough sparging with N 2 gas followed by passage through an activated alumina column. Nonhalogenated solvents were tested with a standard purple solution of benzophenone ketyl in tetrahydrofuran to confirm effective oxygen and moisture removal. All reagents were purchased from commercial vendors and used without further purification unless otherwise stated. Elemental analyses were performed either by Atlantic Microlab, Norcross,spectra at ambient temperature. Loaded samples were centered within the magnetometer using the DC centering scan at 35 K and 5000 G. Data were acquired at 4-30 K (one data point every 2 K) and 30-300 K (one data point every 5 K). The magnetic susceptibility was adjusted for diamagnetic contributions using the constitutive corrections of Pascal's constants. The molar magnetic susceptibility (v m ) was calculated by converting the calculated magnetic susceptibility (v) obtained from the magnetometer to a molar susceptibility (using the multiplication factor {(molecular weight)/[(sample weight)(field strength)]}). The mass used for 1 was the unsolvated neutral complex. Effective magnetic moments were calculated using eqn (1) . (w); 2575 cm −1 (m).
X-Ray diffraction analysis
[Tp Ph2 ]Fe(H 3 BH) (1) was characterized using X-ray diffraction at the X-ray Crystallographic Laboratory at the University of Minnesota. A crystal of 1 was attached to the tip of a glass capillary on a Siemens SMART Platform CCD diffractometer for data collection at 173(2) K using graphite-monochromated Mo-Ka (k = 0.71073 Å ). X-Ray diffraction studies on [PhBP 3 ]Fe(H 3 BH) (2) were carried out in the Beckman Institute Crystallographic Facility at Caltech on a Bruker Smart 1000 CCD diffractometer. The crystal was mounted on a glass fiber with Paratone N oil. A summary of the crystallographic details for both 1 and 2 is given in Table 1 . All non-hydrogen atoms were refined anisotropically, and hydrogen atoms except those attached to boron atoms were placed in ideal positions and refined as riding atoms with relative isotropic displacement parameters. The hydride atoms were found from the E-map and refined independently. The final full matrix least squares refinement converged to R1 = 0.0281 and wR2 = 0.0648 for 1 and R1 = 0.0515 and wR2 = 0.0838 for 2.
CCDC reference numbers: 250211 for 1 and 250212 for 2.
For crystallographic data in CIF or other electronic format see DOI: 10.1039/b509580h
Computational methods
Models for 1 and 2 in which the phenyl rings on the ligands were replaced by H atoms were fully optimized at the mPWPW91 level
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of density functional theory. 16 A basis set was employed that combined the CEP-31G effective core potential and associated basis functions on Fe 17 with the polarized McLean-Chandler basis set on P 18 and the 6-311G(d,p) basis set 19 on all other atoms (for a total of 421 and 301 basis functions, respectively, for the simplified analogs of 1 and 2). The optimized Kohn-Sham determinantal wave functions were used for the computation of Mayer bond orders 20 and in the depiction of molecular orbitals. 
where w = q/r 2 (F o 2 ) + (aP) 2 + bP. (2) showing 50% probability thermal ellipsoids and the labelling scheme for selected atoms. All hydrogen atoms, except those attached to boron atoms, as well as a one 3-phenyl group on 1 and all but the ipso-carbons of the phenyl rings on 2 have been omitted for clarity. Solid-state magnetic susceptibility data for 1 were obtained from 4-300 K by SQUID magnetometry (Fig. 2) . The plot of v m T vs. temperature is consistent with a high-spin iron(II) (S = 2) center. Curie-Weiss behavior was verified by a plot of v m −1 vs. T (inset). From 10 to 300 K the average value of l eff is 5.07 l B . This value unambiguously establishes the high-spin character of the iron(II) center in 1. Not surprisingly the value deviates from the spin-only value of 4.899 l B , as expected for an electronic configuration with a spin-orbit coupling contribution.
Results and discussion
Interestingly, the Fe-B2 distances in both complexes are rather short. The Fe-B2 distance in 1 of 2.084(4) Å is less than the Fe-N11 distance. The geometry observed in the high-spin iron(II) complex 1 is closely related to that observed in [Tp*]Ni(H 3 BH) which also has a short Ni-B distance of 2.048(5) Å .
7 These nickel and iron complexes exhibit similar distortions of the borohydride anion. In both cases the coordinated borohydride is essentially tetrahedral, showing only a slight elongation of the B-H bonds that bridge the boron and iron nuclei. The corresponding Fe-B2 distance in 2 is 1.855(2) Å , consistent with the expected decrease in ionic radius for a low-spin metal center. To the best of our knowledge, the closest structural analogues to these complexes are [{Fe(PEt 3 ) 3 } 2 (l-H) 6 1.913(3) and 1.912(1) Å , respectively) . A table comparing the other bond distances and angles of these complexes is included in the ESI. † One of the key features in determining the hapticity of borohydride anion binding to transition metal ions has been the vibrational features of the ligated borohydride.
6 IR analysis of 1 (Fig. 3(A) ) shows a number of interesting features. The feature observed at 2603 cm − , three A 1 bands should be observed (between 2450-2600, 2100-2200 and 1200-1250 cm −1 , respectively). 6 We do not observe the lowest energy mode for 1 and believe it is obscured while the other two vibrations are lost in the peaks observed for the [PhBP 3 ] ligand framework. The assignments are analogous to those reported in the literature 6 and consistent with a facially coordinated BH 4 − ligand. There are several ways to imagine the Fe-(H 3 BH) interaction. For instance, it may be viewed as arising from three separate three-centered, two-electron interactions between each iron center and the B-H bonds, isolobal with g 5 -cyclopentadienide, halide and oxide. 24 Given the short Fe-B distances and the convention of describing the hapticity as g 3 -BH 4 group, 6 it was unclear to us whether the B atom was involved in bonding with the metal center in either 1 or 2. Alternatively, it may not interact with the boron center at all, simply utilizing the hydrides to bridge the two nuclei (consistent with the g 3 designation previously used). To gain additional insight into the nature of the bonding between the iron and borohydride moiety, mPWPW91 density functional calculations were undertaken for simplified models of high-spin 1 and low-spin 2. All of the phenyl rings in both 1 and 2 were replaced with hydrogen atoms for these computational studies. Structures having C 3v and C 3 symmetry, respectively, were found as minima, with structural parameters generally in good agreement with the experimental data (Table 3) . Bond orders were computed by the method of Mayer 20 using the optimized density matrices for these structures (Table 3) . This method has previously been shown to be robust for the description of multicoordinate bonding between transition metals and associated ligands.
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Analysis of the Kohn-Sham molecular orbitals rationalizes the computed bond orders in the two systems (Fig. 4) . The highest energy doubly occupied orbital in both 1 and 2 belongs to the totally symmetric irreducible representation and mixes the Fe d z 2 with both a boron hybrid and all four of the hydrogenic 1s orbitals. Bonding interactions in this orbital contribute to the significant Fe-H proximal bond orders. The orbital we show has an antibonding interaction between the boron and iron centers, albeit a weak one. (There is an almost perfect cancellation of the two orbitals magnitudes so that the B-Fe part appears almost nonbonding.) The bonding interaction appears significantly lower in the orbital manifold and has positive overlap of the boron p with the iron d z 2 orbital. The four singly occupied orbitals in quintet 1 constitute two degenerate sets each belonging to the e irreducible representation. In singlet 2, the energy separation between these two orbital sets is larger (because of the stronger ligand field enforced by the phosphine donors as opposed to the pyrazole donors) and the orbitals of the lower energy set are doubly occupied while those of the higher energy set are empty. The members of the higher energy set, also depicted in Fig. 4 , are dominated by p* antibonding interactions between the d xz and d yz orbitals and s orbitals on the borohydride H atoms towards which they are directed. The singly occupied nature of these orbitals in 1 compared to 2, where they are empty, explains the substantially greater Fe-H proximal bond order seen in the latter. Not surprisingly, this difference in Fe-H bond orders is balanced by a smaller B-H proximal bond order in 2 than in 1. This analysis is also consistent with the closer approach of the borohydride, and especially its proximal H atoms, to Fe in 2 compared with 1. The remaining two singly occupied orbitals in 1, which are doubly occupied in 2, are not depicted: the Fe d xy and d x 2 −y 2 AOs contribute to these MOs and show no particular interactions with the borohydride ligand (which is incapable of d bonding). Rather, these orbitals are p* antibonding between Fe and the ligand nitrogen atoms in 1, but p bonding between Fe and the ligand phosphorus atoms in 2. This in part explains the lower Fe-P/Fe-N bond orders seen for 1 compared to 2. Theory is thus consistent with designating the interaction as an Fe-g 4 -borohydride coordination. In conclusion, we have demonstrated that borohydride adducts of iron can be generated and isolated. The spin state of the iron center can be controlled via the ancillary ligand. Alteration of the ligand field results in compensatory changes in the observed bond distances as well as the theoretical bond orders for the (L 3 )Fe(g 4 -H 3 BH) complex. Studies are underway to examine the effect of spin state on the reactivity of these novel complexes, as paramagnetic iron hydrides are postulated to be reactive intermediates in the catalytic cycles of nitrogenases and hydrogenases.
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